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Use of the nonpathogenic yeast Saccharomyces boulardii in the treatment of infectious diarrhea has attracted
growing interest. The present study designed to investigate the effect of this yeast on enteropathogenic
Escherichia coli (EPEC)-associated disease demonstrates that S. boulardii abrogated the alterations induced by
an EPEC strain on transepithelial resistance, [*H]inulin flux, and ZO-1 distribution in T84 cells. Moreover,
EPEC-mediated apoptosis of epithelial cells was delayed in the presence of S. boulardii. The yeast did not
modify the number of adherent bacteria but lowered by 50% the number of intracellular bacteria. Infection by
EPEC induced tyrosine phosphorylation of several proteins in T84 cells, including p46 and p52 SHC isoforms,
that was attenuated in the presence of S. boulardii. Similarly, EPEC-induced activation of the ERK1/2
mitogen-activated protein (MAP) kinase pathway was diminished in the presence of the yeast. Interestingly,
inhibition of the ERK1/2 pathway with the specific inhibitor PD 98059 decreased EPEC internalization,
suggesting that modulation of the ERK1/2 MAP pathway might account for the lowering of the number of
intracellular bacteria observed in the presence of S. boulardii. Altogether, this study demonstrated that S.
boulardii exerts a protective effect on epithelial cells after EPEC adhesion by modulating the signaling pathway

induced by bacterial infection.

Saccharomyces boulardii is a thermophilic, nonpathogenic
yeast administered in Western Europe for the prevention and
treatment of a variety of diarrheal diseases (17, 29). However,
the mechanisms by which S. boulardii controls diarrhea remain
elusive. The efficacy of this yeast has been attributed to several
of its properties, such as its effect on the mucosa leading to an
increase in dissaccharidase activity (8) or stimulation of the
immune response (7). In animals, administration of S. boulardii
provides protection against intestinal lesions caused by several
diarrheal pathogens (10, 33). In vitro studies have demon-
strated that S. boulardii exerts antagonistic activity against var-
ious bacterial pathogens (6). Recent studies have reported the
adhesion of the Salmonella enterica serovars Typhimurium and
Enteritis and of enteropathogenic Escherichia coli (EPEC) and
enterohemorrhagic E. coli to S. boulardii (24, 25).

EPEC is a major cause of diarrhea in the developing world
(31, 34). The pathogenesis of EPEC infections involves a
three-stage process. (i) EPEC adheres initially to intestinal
epithelial cells in a pattern described as localized adherence
(36). This pattern of adherence, characterized by microcolo-
nies of bacteria associated with the epithelial cells, is depen-
dent on the expression of the bacterial type IV bundle-forming
pilus (BFP) (3). (ii) Next, the bacteria induce signal transduc-
tion pathways in host cells, leading to an elevation in the
intracellular levels of Ca®* and inositol triphosphate (16, 23)
and the phosphorylation of cellular proteins (4, 35, 41). (iii)
These signaling events culminate in the formation of attaching-
and-effacing lesions which are characterized by localized
degeneration of the microvilli, intimate contact between the
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bacteria and the infected cell, and the assembly of highly or-
ganized cytoskeletal structures in the epithelial cells just be-
neath the attached bacteria, forming cuplike pedestals (22, 27,
30). EPEC is also able to induce its internalization by nonph-
agocytic epithelial cells (2, 15).

The aim of our study was to investigate in vitro the effect of
S. boulardii against EPEC infection using the T84 cell line
derived from a colon carcinoma. This cell line has been exten-
sively used to elucidate the mechanism of EPEC-induced di-
arrhea. EPEC infection results in a modification of the T84
barrier function, characterized by a drop in transepithelial re-
sistance, an increase in permeability, and modification of the
distribution of the tight junction-associated protein ZO-1 (32,
37). Our study reveals that S. boulardii maintains the barrier
function and the viability of EPEC-infected T84 cells. Al-
though the yeast does not modify the number of cell-associated
bacteria, it reduces the number of intracellular bacteria. The
phosphorylation of several proteins induced by EPEC in T84
cells is diminished in the presence of S. boulardii. Finally, the
yeast interferes with the ERK1/2 mitogen-activated protein
(MAP) kinase pathway that, as demonstrated in this study, is
implicated in the invasive process of EPEC.

MATERIALS AND METHODS

Cell line, media, and bacterial and yeast strains. The human colon T84 cell
line was obtained from the European Collection of Animal Cell Cultures (Salis-
bury, England). The T84 culture medium contained a 1:1 mixture of Dulbecco-
Vogt modified Eagle medium and Ham’s F-12 medium (DMEM-F-12) supple-
mented with 50 wg of penicillin and 50 pg of streptomycin (Sigma) per ml and
5% fetal bovine serum (DAP). The bacterial wild-type (WT) strain E2348/69
(kindly provided by J. Kaper, Center for Vaccine Development, University of
Maryland, Baltimore) was grown overnight in Luria-Bertani medium at 37°C,
without shaking. The yeast S. boulardii (Laboratories Biocodex, Paris, France)
was grown at 37°C, with shaking, in Halvorston minimal medium with 2%
glucose.
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Inhibitor. The MEKI inhibitor PD 98059 (1) (Calbiochem) was stored in
dimethyl sulfoxide (DMSO) at —20°C.

Electrical resistance measurements. T84 cells were grown on 4.6-cm? porous
filter membranes (0.4-wm pores; Nunc). Transmonolayer electrical resistance
(TER) was measured with the Millicell-ERS apparatus (Millipore, Molsheim,
France) as described previously (21). Under these conditions, high TER values
(>1,000 Q-cm?) were consistently obtained in 14-day postseeding monolayers.

Infection of filter-grown T84 monolayers with EPEC. Prior to infection, the
T84 medium was changed to medium without serum and antibiotics (DMEM-
F-12). As previously reported (41), approximately 108 EPEC (or 100 bacteria/
cell) were added to the apical surface of T84 monolayers and incubated at 37°C
in a 5% CO,, water-jacketed incubator. When infection was performed in the
presence of yeast, 10 yeasts/cell were added. This ratio did not modify intestinal
cell viability (13). At the indicated times, transepithelial resistance, bacterial
adhesion and invasion, inulin passage, and ZO-1 distribution were measured as
described hereafter.

Adhesion and invasion assays. Bacterial adhesion to T84 cells was quantified
using the plate dilution method (35). Briefly, at the times of infection indicated
in the legend to Table 1, bacteria present in the culture medium were eliminated
by extensive washes with sterile phosphate-buffered saline (PBS). Cells were then
trypsinized and lysed in water containing 0.1% bovine serum albumin (BSA).
The cell lysates contained “cell-associated bacteria” corresponding to adherent
as well as intracellular bacteria. For the determination of invasion, after PBS
washes, monolayers were incubated for an additional hour with DMEM-F-12
containing 100 pg of gentamicin per ml. Since gentamicin was not concentrated
in epithelial cells, intracellular bacteria survived to the incubation, while adher-
ent and extracellular bacteria were killed (19). The monolayers were then washed
with sterile PBS, and epithelial cells with intracellular bacteria were detached by
trypsin and lysed as described elsewhere (35). The percentage of invasion was
calculated as follows: percent invasion = number of intracellular bacteria/num-
ber of cell-associated (adherent and intracellular) bacteria.

Distribution of ZO-1. ZO-1 distribution was analyzed after infection using
immunochemistry and confocal microscopy. At the times indicated, the mono-
layers were washed extensively with PBS and fixed with 2% paraformaldehyde
for 30 min. The cells were permeabilized with 0.1% Triton X-100 in PBS for 5
min and then washed with PBS. Polyclonal rabbit anti-ZO-1 antibody (Zymed
61-7300) was incubated with the permeabilized cells for 45 min at 37°C. The
monolayers were washed and then treated with fluorescein-conjugated anti-
rabbit immunoglobulin G (Dakopatts F205) for 45 min at 37°C. After washes
with PBS, the filters were excised from the supports, mounted, and observed
under a Zeiss confocal laser scanning microscope.

Measurement of [*H]inulin passage. Polarized monolayers of filter-grown T84
cells were infected with EPEC for 3 h as described above. After measurement of
transepithelial resistance, 220,000 cpm of [*Hlinulin (M,, 5,200; hydrodynamic
diameter, 11.5 A; Amersham) was added to the apical surface. Unlabeled inulin
(0.5 mM) was present in both apical and basolateral incubation medium. After
a 2-h equilibration period, 100 pl (5%) of the basolateral fluid was removed at
1-h intervals and counted.

Preparation of cell lysates for Western blotting and immunoprecipitation. T84
cells were seeded in 100-mm petri tissue culture dishes. At 70 to 90% confluence,
the monolayers were washed twice with serum-free DMEM-F-12 and then
grown in fresh culture medium supplemented with 0.1% BSA (Sigma A7030) for
12 h. Infection was carried out by the addition of 500 pl of a late-logarithmic
bacterial culture (100 bacteria/cell) alone or in the presence of S. boulardii (10
yeasts/cell). At the times indicated, the infected cells were washed with PBS and
solubilized for 30 min at 4°C in lysis buffer (50 mM Tris-HCI, pH 7.5; 150 mM
NaCl; 1% Nonidet P-40 [NP-40]; 2 mM Na;VO,; 1 mM EDTA; 1 pM aprotinin;
25 uM leupeptin; 1 pM pepstatin; 1 mM AEBSF; 10 mM NaF; 5 mM sodium
PP; 10 mM B-glycerophosphate). The lysate was sonicated and centrifuged at
15,000 rpm for 15 min at 4°C. The protein content of the supernatant was
determined using Bio-Rad DC reagents. Immunoprecipitation and Western blot-
ting were carried out as previously described (5).

Statistical analysis. Results are presented as the mean * the standard error of
the mean (SEM). Tests of statistical significance were done by analysis of vari-
ance with the StatView program for Macintosh followed by the post hoc com-
parison with the Bonferroni-Dunn tests.

RESULTS

S. boulardii prevents the EPEC-induced decrease of T84
monolayer resistance. To determine the effect of S. boulardii
on the EPEC-induced decrease of transepithelial resistance,
T84 monolayers were apically infected with the E2348/69 strain
alone or in the presence of S. boulardii, and the transepithelial
resistance was monitored over 12 h. As shown in Fig. 1, incu-
bation of T84 monolayers with S. boulardii alone had no effect
on transepithelial resistance. In EPEC-infected cells, mono-
layer resistance was unchanged up until 4 h; at 6 h it had
dropped significantly to 767 + 84 Q-cm* (P < 0.02 versus
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FIG. 1. S. boulardii prevents EPEC-induced decrease of transepithelial re-
sistance in T84 monolayers. Bacteria (100 bacteria/cell) and yeast (10 yeasts/cell)
were added to the apical surface of T84 cells. Resistance decreased in cells
infected with EPEC alone (A) but remained comparable to control monolayers
(@) in cells infected in the presence of S. boulardii (). S. boulardii alone did not
affect the transepithelial resistance of T84 monolayers during the time of these
experiments (#). Each point represents the mean value obtained from at least six
individual T84 monolayers. Error bars show the standard deviation. The asterisk
denotes a significant difference versus the control monolayers (P < 0.02) when
compared by the Bonferroni-Dunn tests.

control monolayers) and reached a plateau by 12 h of infection.
In contrast, when infection was performed in the presence of S.
boulardii, the transepithelial resistance remained at the level of
uninfected monolayers up until 9 h of infection. At 12 h of
infection, the resistance of these monolayers dropped slightly
but did not differ significantly from control monolayers (P >
0.05). The barrier function and the viability of EPEC-infected
T84 cells were thus preserved in the presence of S. boulardii.

S. boulardii maintains the tight-junction structure of EPEC-
infected T84 cells. The decrease in transepithelial resistance is
associated with the disruption of actin filaments and thereby
with morphological modification of the structure of the tight
junctions. To investigate the effect of S. boulardii on EPEC-
induced changes in tight-junction structure, confocal micros-
copy was used to analyze the distribution of Zonula Occludens
(Z0O-1), a tight-junction-associated protein, in cells infected by
E2348/69 alone or in the presence of yeast. Uninfected T84
monolayers exhibited (Fig. 2A) a well-defined ZO-1 staining
pattern in the perijunctional region that remained unchanged
in cells maintained in the presence of S. boulardii (Fig. 2B). In
contrast, T84 monolayers infected for 6 h with E2348/69
showed diffuse ZO-1 staining (Fig. 2C) that disappeared after
12 h of infection (Fig. 2E). In contrast, ZO-1 protein distribu-
tion was preserved in cells infected by EPEC for 6 h (Fig. 2D)
and 12 h (Fig. 2F) in the presence of S. boulardii, strongly
supporting a protective role of S. boulardii on the tight junction
structure in EPEC-infected T84 monolayers.

S. boulardii reduces the [*H]inulin flux in EPEC-infected
T84 cells. In intestinal epithelium, paracellular transport of
molecules was under the control of tight junctions. Inulin (an
inert compound with a molecular weight of 5,200 and an
11.5-A radius) has been used as a marker of the gate function
of tight junctions. To further examine the effect of S. boulardii
on EPEC-induced changes in paracellular transport, [*H]inulin
was added to the apical surface of T84 monolayers infected for
6, 12, and 24 h with E2348/69 alone or in the presence of S.
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FIG. 2. Representative confocal laser scanning micrographs (z-series, overlay) of T84 cell monolayers immunostained for ZO-1 with antibodies for this protein,
followed by secondary antibodies conjugated to fluorescein isothiocyanate. (A and B) Normal distribution of ZO-1 in uninfected cells (A) and in cells exposed to S.
boulardii (B). (C and E) Monolayers infected with E2348/69 alone for 6 h (C) and 12 h (E). (D and F) Monolayers infected for 6 h (D) or 12 h (F) in the presence
of S. boulardii. Original magnification, X2,400. The same results were obtained at least three times.

boulardii. Inulin flux was measured by assaying the radioactiv-
ity that crossed the monolayers to the basolateral medium. As
expected, [*H]inulin did not penetrate uninfected T84 mono-
layers with a high electrical resistance (Table 1). In monolayers
infected for 12 and 24 h, [?H]inulin passage was significantly
increased compared to control monolayers. In cells infected by
EPEC in the presence of S. boulardii, [*H]inulin passage
through T84 monolayers was significantly lower. This result

indicates that the gate function of tight junctions was main-
tained in cells infected in the presence of yeast. Since increas-
ing inulin flux was associated with cell death (28), this
prompted us to investigate the effect of S. boulardii on EPEC-
induced apoptosis.

S. boulardii prevents the caspase-3 activation induced by
EPEC in T84 cells. Programmed cell death, or apoptosis, can
be initiated by a wide variety of stresses, including bacterial
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TABLE 1. Effect of S. boulardii on [*H]inulin flux across
filter-grown T84 cells after EPEC infection”

S. BOULARDII EXERTS PROTECTIVE EFFECT 6001

TABLE 2. Effect of S. boulardii on the ability of EPEC 2348/69 to
adhere to and invade T84 cells”

Mean [*H]inulin penetration (cpm) = SEM after:
Cell treatment

6h 12 h 24 h
None 331 = 64 740 = 84 1,244 = 156
EPEC 2348/69 494 = 24 2,324 = 254 4,310 = 223
EPEC 2348/69 488 = 73 1,972 = 245 2,489 = 180

+ S. boulardii

@ Bacteria (100/cell), yeasts (10/cell), and [*H]inulin were added apically. At 6,
12, and 24 h after infection, counts-per-minute values were determined in 100-ul
aliquots removed from the basolateral compartment. The [*HJinulin flux was
significantly increased in EPEC-infected cells (+, significantly different versus
controls) but remained comparable to and not significantly different from control
monolayers in cells infected in the presence of S. boulardii. Each point corre-
sponds to the mean value of at least four individual T84 monolayers.

infection (42). The caspases are proteases that play a key role
in the initiation and the execution of apoptosis. Among them,
cpp32 (caspase-3) is the most extensively studied apoptotic
caspase. It is synthesized as an inactive proenzyme of 32 kDa
that is cleaved in cells undergoing apoptosis into two active
forms of 12 and 20 kDa. We therefore investigated the gener-
ation of the active form of cpp32 (p20) in T84 cells infected by
EPEC alone or in the presence of S. boulardii. As shown in Fig.
3B, the yeast alone did not induce the cleavage of cpp32 in T84
cells, indicating that S. boulardii did not affect cell viability. By
contrast, accumulation of the activated p20°PP*? form was vi-
sualized after 6 h in cells infected with EPEC alone (Fig. 3C)
but was absent in cells infected in the presence of S. boulardii
(Fig. 3D). When yeast was present, the p20°°P*? form was
detectable only after 8 h of infection. These results indicate
that the apoptotic program induced by EPEC infection in T84
cells is delayed in the presence of yeast.

S. boulardii does modify the number of intracellular bacte-
ria. Since adhesion to intestinal cells is the first step in EPEC
pathogenicity, we investigated the effect of S. boulardii on the
number of bacteria adherent to T84 cells. The data in Table 2
reveal that S. boulardii did not modify the number of cell-
associated (adherent and intracellular) bacteria. EPEC has
been shown to be invasive in some culture systems (2, 15, 35).
The invasion assay was therefore performed using gentamicin
on cells infected in the absence or presence of S. boulardii. Use
of this standard assay revealed that the number of intracellular
bacteria recovered in T84 cells infected with EPEC alone
([4.38 = 0.72] X 10* CFU/well) was significantly decreased, by
50% ([2.2 = 0.41] X 10* CFU/well), in cells infected in the
presence of S. boulardii.

control

A. B.
|2 4 6 8 10 |

C. E 2348/69 D.
2 4 6 8 10

[ ———

Mean no. = SEM of:

%

Cell treatment Cell-associated Intracellular

bacteria (10° bacteria (10* Invasion
CFUjwell) CFUjwell)
EPEC 2.84 = 0.40 4.38 +0.72 1.54
EPEC + S. boulardii 249 +0.32 221 =0.41* 0.88*

“ Filter-grown T84 cells were infected for 6 h with bacteria (100/cell) alone or
in the presence of S. boulardii (10/cell). Invasion was assessed by the gentamicin
protection method. *, P < 0.04. Each point represents the mean value obtained
from 10 to 12 individual T84 monolayers.

S. boulardii alters EPEC-induced tyrosine phosphorylation
of T84 proteins. Bacteria trigger signals into the host cells that
lead to their internalization (4). The decrease in the number of
intracellular bacteria in the presence of S. boulardii prompted
us to investigate the effect of the yeast on EPEC-induced
transduction signals. The time course of infection showed that
1 h of infection is sufficient to induce protein tyrosine phos-
phorylation in T84 cells (data not shown). Therefore, T84 cells
were infected for 1 h with EPEC alone or in the presence of
yeast, and the whole-cell lysates were analyzed by anti-phos-
photyrosine (aP-Tyr) Western blotting (Fig. 4A). In agree-
ment with results obtained in EPEC-infected HeLa cells (35),
EPEC infection of T84 cells induced the phosphorylation of
several proteins (indicated by arrows in Fig. 4A). These pro-
teins presented various molecular sizes: 130, 120, 100, 90, 72,
64, 60, 52, and 39 kDa. Coinfection in the presence of the yeast
significantly decreased the degree of phosphorylation of most
of these proteins, supporting the idea that S. boulardii might
modify cellular response(s) to EPEC infection.

S. boulardii modifies tyrosine phosphorylation of SHC in
T84 cells infected by the WT EPEC strain. The anti-phospho-
tyrosine antibody reacted strongly with protein localized at a
molecular mass of 52 kDa (Fig. 4A). This protein presented
the same electrophoretic mobility as the major phosphorylated
protein in EGF-treated T84 cells. Phosphorylation of this pro-
tein was significantly decreased in T84 cells infected in the
presence of S. boulardii. In order to verify that this phospho-
protein corresponded to p52 SHC, immunoprecipitation was
performed using an anti-SHC antibody, followed by aP-Tyr
Western blotting. The results presented in Fig. 4B showed
tyrosine phosphorylation of the p46 and p52 SHC isoforms in
cells infected for 1 h with EPEC and in epidermal growth
factor (EGF)-treated cells used as a positive control. Since

S.b.
2 4 6 8 10 12 (hours)
| ‘ | <4 p20
E 2348/69 + S.b.
2 4 6 8 10 12 (hours)

M"”’l <p20

FIG. 3. S. boulardii delays the activation of caspase-3 in EPEC-infected cells. T84 cells were infected with E2348/69 alone (C) or in the presence of S. boulardii (D).
After various periods of infection, the cells were lysed and samples were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a
9% polyacrylamide gel and analyzed by immunoblotting using anti-cpp32 antibody. The anti-caspase-3 recognizes the 32-kDa proform and the 20-kDa intermediate
active form. (A) Control cells. (B) Cells incubated for various times with S. boulardii alone. The same results were obtained at least three times.
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FIG. 4. S. boulardii significantly affects EPEC-induced signaling in T84 cells.
(A) T84 cells were infected with E2348/69 alone or in the presence of yeast cells.
After a 1-h infection, the cells were lysed and samples were resolved by SDS-
PAGE using a 9% polyacrylamide gel and analyzed by immunoblotting with
aP-Tyr antibody. The control lane corresponds to uninfected cells. A positive
control lane was obtained using cells treated for 15 min with 10 nM EGF. The
positions of the molecular mass standards are shown on the left of the blot in
kilodaltons. The proteins phosphorylated in infected T84 cells are indicated by
arrows. (B) Lysates from uninfected T84 cells (control) and cells infected for 1 h
with the WT strain (E2348/69) alone or in the presence of S. boulardii were
immunoprecipitated with anti-SHC antibody. The immunocomplex was sub-
jected to SDS-PAGE using a 9% polyacrylamide gel and then analyzed by
immunoblotting using oP-Tyr antibody. A positive control was obtained using
cells treated for 15 min with 10 nM EGF. The same results were obtained at least
three times.
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FIG. 5. S. boulardii prevents the activation of ERK1/2 kinases in E2348/69-
infected cells. T84 cells were infected with the WT strain E2348/69 alone or in
the presence of S. boulardii. After 1 h of infection, cells were lysed and samples
were resolved by SDS-PAGE using a 9% polyacrylamide gel and then analyzed
by immunoblotting with anti-phosphorylated ERK1/2 antibodies. The control
line corresponds to uninfected T84 cells. A positive control was obtained using
cells treated for 15 min with 10 nM EGF. The same results were obtained at least
three times.

phosphorylation of the p46 and p52 SHC isoforms was signif-
icantly decreased in cells infected in the presence of yeast, S.
boulardii can thus downregulate the SHC downstream cellular
response induced in T84 cells by EPEC infection.

S. boulardii decreases the activation of ERK1/2 MAP kinases
by the WT EPEC strain. Since SHC is an upstream regulatory
protein of the ERK1/2 MAP kinase pathway, the effect of the
yeast on activation of the ERK1/2 pathway was thus investi-
gated by Western blotting using an antiphosphorylated
ERKI1/2 antibody (Fig. 5). The activated forms of ERK1/2
were not detected in cell lysates obtained after a 1-h incubation
with S. boulardii alone. Consistent with the SHC phosphoryla-
tion, active forms of ERK1/2 (p42 and p44) were present in
cells infected for 1 h by EPEC. When infection was performed
in the presence of S. boulardii, phosphorylation of both ERK1
and ERK2 was significantly decreased. Western blotting using
a nonphosphorylated form of ERK1/2 revealed the presence of
the same amount of these proteins (p42 and p44) (data not
shown). S. boulardii thus decreased the activation of ERK1/2
induced by EPEC infection of T84 cells.

Inhibition of invasion by PD 98059 treatment: correlation of
invasion with the activation of ERK1/2 pathway. Since we have
shown that S. boulardii decreased both EPEC invasion and
EPEC-induced MAP activation and since activation of
ERK1/2 kinases has been implicated in the invasion of Listeria
monocytogenes (38), we therefore addressed whether the acti-
vation of ERK1/2 MAP kinases could be involved in the inva-
sion process of EPEC. To this end, T84 cells were preincu-
bated for 90 min with 50 uM PD98059, an MEK1-ERK1/2
pathway inhibitor, prior to being exposed to bacterial infection.
Even though PD98059 did not modify the number of cell-
associated bacteria, EPEC invasion was reduced by 60% in
cells incubated with PD98059 (Table 3), indicating that
ERK1/2 MAP kinase activation was involved in the invasion
process of EPEC into T84 cells.

DISCUSSION

Monolayers of cultured polarized epithelial cells grown on
filters were used to demonstrate that EPEC interaction with
the apical cell surface induced a marked decrease in transep-
ithelial resistance. Interestingly, S. boulardii prevented the de-
crease of transepithelial electrical resistance in EPEC-infected
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TABLE 3. Effect of PD 98059 on EPEC adhesion and invasion”

Mean no. = SEM of:

Cell treatment Cell-associated Intracellular %.
bacteria (10° bacteria (10* Invasion
CFU/well) CFU/well)
EPEC 1.95 £ 0.55 212 £0.22 10.0
EPEC + DMSO 2.76 = 0.21 228 0.3 8.4
EPEC + PD 98059 2.0=*+0.2 0.86 = 0.164* 4.3%

“ Filter-grown T84 cells were pretreated for 90 min with PD 98059 prior to
infection. To avoid any toxic effect of this inhibitor, cells were infected for 3 h
with EPEC strain E2348/69 (100 bacteria/cell) alone or in the presence of DMSO
(1:5,000) or PD 98059 (50 pM). Invasion was assessed by the gentamicin pro-
tection method. DMSO or PD 98059 was present during gentamicin incubation.
Values were compared by Bonferroni-Dunn test, and asterisks denote when the
difference was significant (P < 0.04) versus EPEC alone. Each point represents
the mean value obtained from at least three individual T84 monolayers.

T84 cells. Since transepithelial resistance reflects the barrier
function and the viability of monolayers, we investigated
whether S. boulardii preserves these two parameters in infected
T84 cells. In EPEC-infected cells, alteration of the tight junc-
tion structure modifies epithelial permeability to solutes trans-
ported through the paracellular pathway (32). Since tight junc-
tions are size selective, the flux of inulin (a molecule with an
11.5-A radius versus 6.7 A for mannitol) increases only after a
long period of infection (12 and 24 h), when the transepithelial
resistance has been considerably lowered. Inulin flux was sig-
nificantly attenuated in cells infected in the presence of yeasts.
Since paracellular permeability to inert probes reflects the gate
function of tight junctions (11, 28), the decrease in inulin flux
suggests that damage to the intercellular tight junction caused
by EPEC infection was reduced in the presence of yeasts. This
observation was supported by the immunolocalization of
ZO-1. This tight-junction-associated protein disappeared in
cells infected with EPEC alone but remained present in cells
when infection was performed in the presence of yeast.

Since inulin flux also reflects the killing effect of EPEC on
T84 cells (28), the fact that the yeast lowered this flux suggests
that cell viability is preserved when S. boulardii is present
during the infection period. Increasing numbers of bacterial
pathogens have been identified as mediators of apoptosis in
vitro (42). Recently, Crane et al. (12) demonstrated that
EPEC-infected cells died by apoptosis. The data presented in
this study, based on detection of the active form of caspase-3,
confirms this observation. EPEC triggers activation of this pro-
apoptotic protease in T84 cells. When infection was performed
in the presence of yeast cells, caspase activation by EPEC was
delayed, indicating that S. boulardii protects T84 cells. More-
over, the active form of caspase was not detected in cells
incubated with yeast cells alone. This observation, together
with the fact that the yeast alone did not modify transepithelial
resistance, demonstrates that T84-cell viability is not affected
by incubation with S. boulardii. The protective effect of S.
boulardii in EPEC infection of T84 cells prompted us to inves-
tigate the mechanism of action of this yeast.

Adhesion of EPEC to S. boulardii was recently reported by
Gedek et al. (24, 25). Because S. boulardii does not perma-
nently colonize animals or humans with normal flora (29),
these authors proposed that the bacteria that bind the yeast are
eliminated. Aggregation of the yeasts and bacteria is mediated
by the bacterial type I pili and the mannose residues on the S.
boulardii cell wall (24). EPEC adhesion to epithelial cells is
mediated by type IV BFP, which is not inhibited by mannose;
mannose-resistant adhesiveness to epithelial cells is considered
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a strong indication of enteropathogenicity for E. coli (34).
Thus, the cell wall of S. boulardii rich in mannose is not ex-
pected to compete for EPEC adhesion site to enterocytes.
Consistently, as shown in this study, S. boulardii did not signif-
icantly modify the number of adherent bacteria. However, S.
boulardii significantly decreased, by 50%, the number of intra-
cellular bacteria. Invasion of eucaryotic cells is an important
virulence mechanism of many enteric pathogens such as Sal-
monella, Shigella, and Listeria species (20). EPEC strains have
traditionally been considered noninvasive, but accumulating
evidence raises doubt about this assumption. Intracellular
EPEC have been observed in animal models (30, 39) and in
biopsies from infected humans (18, 40). In vitro studies have
revealed that EPEC are also capable of invading Hep-2, HeLa,
and CaCo?2 cells (2, 15, 35), supporting our results with T84
cells. As previously demonstrated for Salmonella enterica sero-
var Typhimurium and Yersinia pseudotuberculosis, EPEC
strains take advantage of host signaling mechanisms to gain
entry into the cell (reviewed in reference 4). We thus investi-
gated the effect of S. boulardii on a cellular event(s) occurring
after EPEC adhesion. As shown here, EPEC induced tyrosine
phosphorylations of several proteins in T84 cells. Tyrosine
phosphorylations of proteins during EPEC infection have been
already reported in HeLa cells (35). These authors identified
three tyrosine-phosphorylated proteins: a 90-kDa protein
(Hp90), representing the major phosphorylation substrate, and
two minor phosphorylated proteins of 39 kDa (Hp39) and 72
kDa (Hp72). In contrast to HeLa cells, Hp90 was not the major
phosphorylated substrate in T84 cells. Tyrosine-phosphory-
lated proteins with molecular masses of 32 and 72 kDa prob-
ably corresponding to Hp32 and Hp72 were also detected in
EPEC-infected T84 cells. As reported in this study EPEC
triggered tyrosine phosphorylation of several other proteins
with apparent masses of 130, 120, 100, 60, and 52 kDa that had
not yet been reported. These proteins were barely phosphor-
ylated when the infection was performed in the presence of
yeast cells. Of these substrates we identified SHC, the up-
stream regulatory protein of the ERK1/2 MAP kinases, as a
new phosphorylated substrate in EPEC-infected cells. MAP
kinases are central in many host responses, including the mi-
togenic response to growth factors, the regulation of cytokine
responses, stress responses, and cytoskeletal reorganization
(14). Recently, MAP kinases have been implicated in the host
response to bacterial infection (26, 38). As reported in this
study, EPEC induces the activation of ERK1/2 MAP kinases in
T84 cells. SHC isoforms were less phosphorylated in cells in-
fected in the presence of S. boulardii: consequently, the acti-
vation of ERK1/2 MAP kinases was decreased in the presence
of yeast. Activation of ERK1/2 MAP kinases has been impli-
cated in the invasion process of L. monocytogenes, since a
specific inhibitor of this pathway, namely, PD 98059, blocks
invasion of HeLa cells by these bacteria (38). That study dem-
onstrated that PD 98059 had no effect on the adherence of
EPEC to host cells but significantly lowered EPEC invasion of
T84 cells, underscoring the implication, at least in part, of
ERK1/2 MAP kinases in this process. Thus, a decrease in the
phosphorylation of ERK1/2 proteins may account for the low-
ering of the number of intracellular bacteria observed in cells
infected in the presence of yeasts.

Since intracellular bacteria do not play an important role in
the reduction of transepithelial resistance (9), the decrease in
the number of intracellular bacteria cannot explain the pres-
ence of transepithelial resistance in cells infected in the pres-
ence of yeasts. Tyrosine phosphorylation of proteins is impli-
cated in intercellular junction organization and modulation of
the paracellular barrier (11). Other EPEC-induced tyrosine-
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phosphorylated proteins, dephosphorylated in the presence of
yeasts, might therefore be implicated in the maintenance of
transepithelial resistance. Future studies will be aimed at the
identification of these proteins and the underlying mechanism
of yeast-induced dephosphorylation.
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